
I 

i 

A SHOCK TUBE INVESTIGATION OF SOOT FORMATION FROM TOLUENE/METHANOL 
MIXTURES. Alexiou, A. and Williams, A . ,  Department o f  Fuel and Energy, 
Leeds University, Leeds, LS2 9JT, UK, and Abdalla, A.Y., Helwan 
University, Cairo, Egypt. 

ABSTRACT 

Soot formation in toluene and toluene/methanol/argon mixtures was studied behind 
reflected shock waves using a laser beam attenuation technique. The experiments 
were undertaken over the temperature range 1484 - 2232K, pressure range 1.69 - 
2.77 bar and total carbon atom concentrations for the toluene alone in the range 
2.7 x 1017 - 1.1 x lo1* atoms/cm3 (0.5 to 1.5 mol %) and for toluene/methanol 
mixtures in the range 23 - 66 mol % methanol. 

The results indicate that the soot yield decreases with an increase in methanol 
concentration but the effect is not marked until the addition is greater than 50% 

The rates of soot formation from toluene and toluene/methanol mixtures 
have been determined and exhibit an Arrhenius dependence which was expressed by a 
correlation equation. The induction periods for soot formation were measured and 
were found to increase with methanol addition although the maximum soot yields 
were found to decrease. 

. methanol. 

INTRODUCTION 

Methanol is of considerable practical significance as an alternative fuel or as a 
blend with petroleum for internal combustion engines. Earlier studies have shown 
that methanol produces much less soot than typical hydrocarbon fuels but the 
addition of aromatics greatly increases soot formation (1,2). In contrast, in 
diesel engines, blends of diesel fuel oil with methanol produce substantially 
smaller amounts of soot. Surprisingly there has been little previous work on the 
gas phase combustion of these mixtures and only the benzene-methanol system has 
been studied by shock-tube techniques (1). In diffusion flames the decreasing 
fuel type is given by Glassman (3): aromatics > acetylene > olefins > paraffins > 
alcohols. Since there is usually agreement in the behaviour in diffusion flames 
and in shock tubes concerning soot tendency, we undertook a shock tube study to 
evaluate the soot suppression effect. We confined our work to toluene and 
toluene/methanol mixtures and we present in this paper data on the soot 
suppression effect of methanol added t o  toluene mixtures, rather than the 
alternative approach of adding aromatic fuels t o  enhance the radiation from 
methanol flames. 

EXPERIMENTAL 

The experiments were performed in reflected shock waves and details o f  the shock 
tube facility have been previously published (4). The test gas mixtures were 
prepared manometrically, ANALAR toluene and methanol were further purified by 
repeated freezing and evacuation. The experimental conditions are summarised in 
Table 1. 

A laser technique was employed and the absorption o f  the beam at 632.8 nm was 
used to measure the concentration of soot. Only toluene concentrations up to 1.5 
mol % could be studied because of the high levels of  absorption. The soot yields 
were calculated according to Graham’s model (5). 

1547 



where Csoot = concent ra t ion  o f  t h e  p a r t i c u l a t e  carbon per  u n i t  volume, C,, a,  = t h e  
t o t a l  concent ra t ion  o f  carbon atoms per  u n i t  volume, N = Avogadro’s number, p = 
d e n s i t y  of soot, X = wavelength o f  the  measurement, I = i n t e n s i t y  o f  r a d i a t i o n  
which i s  func t ion  o f  t ime, t, EG] = imaginary p a r t  o f  t h e  f u n c t i o n  (m2-l)/(m2t2), 
m = the  complex r e f r a c t i v e  index. 

Since the  soot y i e l d  i s  a f u n c t i o n  o f  t h e  r e f r a c t i v e  index an accurate value i s  
necessary. Many workers, i n c l u d i n g  our p rev ious  work, have used t h e  value o f  Lee 
and Tien (6) which a t  t h i s  wavelength would g i v e  a value o f  E -  = 0.174. I n  the  
present work we used t h e  value o f  Ek, = 0.253 based on t h e  i n  ‘!#!lame measurements 
of Charalampopoulos and Chaung (7) .  I f  we had used t h e  Lee and T ien  da ta  we 
would have overest imated t h e  t o t a l  soot y i e l d  as p r e v i o u s l y  observed by Frenklach 
e t  a1 (10); indeed i f  d a t a  by some o f  t h e  e a r l i e r  researchers had been used the  
p o s i t i o n  would have been worse. 

EXPERIMENTAL RESULTS 

The r e s u l t s  obtained i n  t h e  to luene p y r o l y s i s  experiments a re  shown i n  F ig .  1. 
The amount o f  soot y i e l d  increased monoton ica l l y  w i t h  the  amount o f  to luene 
pyrolysed. The maximum slope on the  osc i l logram was measured and de f ined as the  
apparent r a t e  o f  soot fo rmat ion .  The c o r r e l a t i o n  equat ion o f  apparent r a t e  o f  
to luene p y r o l y s i s  i s  shown i n  F ig .  2 f o r  t h e  d i f f e r e n t  concent ra t ions  which are 
g iven i n  Table 1. The RH on t h i s  f i g u r e  stands f o r  t h e  fuel concent ra t ion  term, 
i n  t h i s  case toluene. The r a t e s  e x h i b i t e d  an Arrhenius dependence g iven by a 
c o r r e l a t i o n  equat ion:  

Rsoot (mol/m3s) = 1.38 l o 8  [C,H8]1.32 exp (-11,90O/T) 

The a c t i v a t i o n  energy which i s  v a l i d  up t o  1950 K (1532 - 1950 K) i s  i n  agreement 
w i t h  the values quoted by Simmons and Wi l l iams (9) ,  namely 99 - 118 kJ/mol 
depending on t h e  value o f  the  r e f r a c t i v e  index.  The constant and the  f u e l  
exponent have changed because o f  the  improved accuracy o f  the  present data. The 
f u e l  exponent i s  now c o n s i s t e n t  w i t h  t h e  value o f  1.48 repor ted  by Wang e t  a1 

Dur ing the  course o f  toluene/methanol p y r o l y s i s  mix tu res  an i n d u c t i o n  t ime was 
observed before any absorp t ion  occurred. Th is  i n d u c t i o n  t ime was t h e  t ime 
between t h e  r e f l e c t e d  shock wave and the  onset o f  soot formation. F igure  3 shows 
t h e  r e s u l t s  f o r  t h e  i n d u c t i o n  t imes. As i t  can be seen the  i n d u c t i o n  t ime 
increased w i t h  the  amount o f  methanol added t o  t h e  to luene.  The f o l l o w i n g  
equat ion f o r  c a l c u l a t i n g  the  soot i n d u c t i o n  t ime, t,,,,, based on a 5% r i s e  i n  
s igna l  was obtained. 

(8) .  

tSoot = 5.448 [ t o t a l  f ~ e l ] ~ . ~ ~  exp (-16,644/T) (3)  

where [ t o t a l  f u e l ]  = [C,H t CH,OH]. The soot y i e l d  decreased monoton ica l l y  w i t h  
t h e  increase of the  amount o f  methanol added t o  to luene a s  shown i n  f i g .  4 .  

The apparent r a t e  o f  toluene/methanol p y r o l y s i s  a re  measured i n  t h e  same way as 
to luene and cou ld  be expressed as fo l lows:  

Rsoot (mol/m3s) = 1.9 l o 5  [ t o t a l  fuel]-0.412 exp ( -  15,30O/T) ( 4 )  

which i s  v a l i d  i n  a temperature range 1580 - 1950 K. 

F ig .  5 shows the  c o r r e l a t i o n  equat ion o f  t h e  apparent r a t e  o f  soot format ion o f  
to luene methanol mix tu res  a t  d i f f e r e n t  concentrat ions (Table 1 ) .  

We attempted t o  o b t a i n  a c o r r e l a t i o n  equat ion i n c o r p o r a t i n g  b o t h  [C7H8] and 
[CH,OH] terms, b u t  we had grea t  d i f f i c u l t y  i n  separa t ing  t h e  terms i n  an equat ion 
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of, f o r  example, t he  form R,,, = C, [C7HJa exp J - E / R T )  - C [CH OHlb exp 
( -E /RT) .  Even though the c o r r e j a t i o n  which we ob ta ined  i s  no t  i a e a l  !t can be 
use% t o  express the r a t e s  and by comparing equations (2) and (4) conclus ions 
could be made about the r o l e  o f  added methanol. The experimental determined 
exponent o f  the f u e l  term i n d i c a t e s  t h a t  an increase o f  methanol concentrat ion 
w i l l  decrease the  apparent r a t e  o f  soot format ion.  I n  a d d i t i o n  t h e r e  are 
d i f f e rences  i n  the  a c t i v a t i o n  energies and i n  the  pre-exponent ia l  f a c t o r  which 
are very s i g n i f i c a n t .  

DISCUSSION 

I n  the e a r l y  work by Graham (5 )  the ex ten t  o f  conversion o f  i n i t i a l  carbon i n  the 
f u e l  t o  soot was determined a t  2 .5  ms. Based on t h i s  observat ion t ime t h e  soot 
y i e l d  f e l l  r a p i d l y  w i t h  i nc reas ing  temperature from 100% a t  -1800 K t o  l e s s  than 
5% a t  2300 K. H e  developed h i s  well-known scheme which i nvo l ved  condensation 
reac t i ons  a t  around 1000 t o  1800 K and f ragmentat ion r e a c t i o n  above t h a t  
temperature. Later  Frenklach (10) demonstrated t h a t  t he  soot y i e l d  i s  no t  
un i ve rsa l ,  but i s  dependent on experimental c o n t r o l l a b l e  va r iab les  such as 
observat ion t i m e ,  t o t a l  pressure and l a s e r  wave-lengths. He pos tu la ted  another 
model f o r  soot format ion inc luded po lymer i sa t i on  and f ragmentat ion reac t i ons .  

In our work we measure the maximum conversion o f  t he  f u e l  t o  soot i r r e s p e c t i v e  of 
~ the t ime.  As i s  shown i n  f i g .  1, the maximum y i e l d  occurs a t  - 1900 K above 

which fragmentation takes place r e s u l t i n g  i n  a reduc t i on  i n  soot y i e l d .  Based on 
t h i s  observat ion we do agree w i t h  Frenklach (10) t h a t  t he  soot y i e l d  maximum i s  
no t  un i ve rsa l  and the  condensation, fragmentation reac t i ons  take p lace according 
t o  experimental cond i t i ons .  

The unimolecular  decomposition o f  methanol a t  h i g h  temperature i s  considered t o  
i nvo l ve  two reac t i ons  (11) .  

CH,OH t M + CH, t OH + M 

CH,OH t M + CH, OH t H t M (ii) 

A computer model f o r  toluene/methanol p y r o l y s i s  has been developed i n  which the 
i n i t i a t i o n  react ions ( i )  and ( i i )  o f  methanol together  w i t h  the  low a c t i v a t i o n  
energy reac t i ons  o f  H and CH w i t h  CH,OH has been used i n  order  t o  evaluate the 
reduc t i on  o f  the soot y i e l d .  P re l im ina ry  r e s u l t s  a t  about 1900 K not  
s u r p r i s i n g l y  demonstrate the  importance and the  r a p i d  format ion o f  OH and the 
products H,O and C O  i nc reas ing l y  as methanol i s  added t o  to luene.  These 
react ions are a l so  responsib le  f o r  t he  increased soot i n d u c t i o n  per iod.  
Therefore i t  seems t h a t  t he  presence o f  O H  r a d i c a l s  when methanol i s  added t o  
to luene leads t o  the  behaviou'r observed exper imenta l ly .  These r e s u l t s  are 
cons is ten t  w i t h  the r o l e  o f  OH ds an ox idant  i n  carbon-forming flames (12).  

More r e c e n t l y ,  Frenklach ( l ) ,  i n  h i s  work on a lcohol  add i t i on ,  expla ined t h a t  t he  
reduct ion i s  a l so  due t o  hydrogen atom scavenging. Alcohols undergo t h e  H- 
abs t rac t i on  reac t i ons  which r e s u l t s  i n  the reduc t i on  i n  the superequ i l i b r i um o f  H 
atoms. I n  to luene p y r o l y s i s  the overshoot o f  hydrogen atoms beyond t h e i r  
e q u i l i b r i u m  concentrat ion i s  responsib le  f o r  t he  propagat ion o f  t he  r i n g  growth 
process. Our work i s  cons i s ten t  w i t h  t h i s  s ince we demonstrate t h i s  soot 
reduc t i on  and t h i s  e f f e c t  i s  not  marked u n t i l  t he  a d d i t i o n  i s  g rea te r  than 50 mol 
% methanol. 

F i n a l l y  i t  should be noted t h a t  these r e s u l t s  are cons is ten t  w i t h  t h e  behaviour 
o f  methanol i n  f u e l  blends f o r  gasol ine engines. I n  t h e  case o f  d i e s e l  engines 
the marked reduc t i on  i n  soot y i e l d s  cannot a r i s e  from gas phase reac t i ons  alone 
and must a r i s e  from some phys i ca l  change such as s e l e c t i v e  d r o p l e t  evaporat ion o r  
d i s r u p t i v e  burning. 
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CONCLUSIONS 

The r e s u l t s  o f  the  present  study show t h a t  methanol a c t s  as a suppressing agent 
f o r  soot format ion.  However t h i s  reduc t ion  i s  o n l y  achieved when t h e  presence o f  
methanol exceeds more than 50% i n  the t o t a l  f u e l  m i x t u r e  t o  be pyrolysed. 
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Fig. 1. Comparison o f  the s o o t  yield at different 
toluene concentrations. 
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Fig. 2. Correlation equation o f  apparent rate o f  
soot formation from toluene pyrolysis at different 
concentrations. 
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Fig .  3 .  I nduc t i on  t imes f o r  soot appearance a t  
d i f f e r e n t  toluene/methanol concent ra t ion .  
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Fig .  4. Comparison o f  t h e  soot y i e l d  a t  d i f f e r e n t  
toluene/methanol concent ra t ions .  
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Fig .  5.  C o r r e l a t i o n  equat ion o f  apparent r a t e  of 
soot fo rmat ion  f r o m  toluene/methanol p y r o l y s i s  a t  
d i f f e r e n t  concent ra t ions .  
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